Extraordinarily fast biexciton decay times and unexpectedly large optical gaps are two striking features observed in InSb colloidal quantum dots that have remained so far unexplained. The former, should its origin be identified as an Auger recombination process, would have important implications regarding carrier multiplication efficiency, suggesting these nanostructures as potentially ideal active materials in photovoltaic devices. The latter could offer new insights into the factors that influence the electronic structure, and consequently the optical properties, of systems with reduced dimensionality, and provide additional means to fine tune them. Using the state-of-the-art atomistic semiempirical pseudopotential method we unveil the surprising origins of these features and show that a comprehensive explanation for these properties requires delving deep into the atomistic detail of these nanostructures and is, therefore, outside the reach of less sophisticated, albeit more popular, theoretical approaches.
Semiconductor colloidal quantum dots (CQDs) have attracted large interest due to their size tunable electronic structure and optical properties, which, when coupled with their inexpensive synthesis, make them ideal building blocks for a wide variety of optoelectronic devices. InSb CQDs are particularly promising as this material exhibits the largest electron mobility and the largest exciton Bohr radius among all bulk semiconductors, 1 combining excellent transport properties with strong confinement effects. Recent experiments have, however, evidenced peculiar optical properties 2 which still lack a satisfactory explanation. Indeed it is not clear why the band gap seems to converge to the value of the bulk band gap at L rather than to that at Γ, with increasing dot size. A possibility would be a peculiar direct-to-indirect transition taking place at a very large radius, outside the experimental range, i.e., for R > 3.2 nm, in contrast with what was predicted for other semiconductor materials, 3 where such a transition occurred at much smaller sizes. Furthermore the non-radiative exciton decay dynamics observed in these nanostructures still awaits theoretical elucidation. In particular, the measured biexciton recombination times, 4 attributed to Auger processes, are one order of magnitude faster in InSb CQDs than observed [5] [6] [7] and predicted 8 in materials such as CdSe, whereas the electron cooling times, also attributed to Auger decay, are in line with those commonly found in nanostructures. 5, 6, [8] [9] [10] [11] [12] These observations raise the question of whether, unlike in the case of other materials, different (intra-band and inter-band) non-radiative decay processes may be governed by different (i.e., Auger and non-Auger) mechanisms in InSb CQDs. (The unexpectedly small interlevel energy spacings within the conduction band of InSb CQDs resulting from very recent scanning tunneling spectroscopy and atomic force microscopy measurements 13 also remain unexplained. However, as the reported single-particle gaps are also found to be significantly smaller than the optical gaps measured, in the same size range, by Liu et al., 2 further experimental investigation is needed to determine the origins of this inconsistency.)
We address all these questions using a state-of-the-art atomistic semiempirical pseudopotential approach. 14 We investigate the nature of the optical transitions (i.e., direct vs indirect) by decomposing the wave functions of the conduction band edge states in terms of their k-vector components, and find that they contain sizable contributions from the high-symmetry L point in the Brillouin zone, that increase for the largest sizes considered experimentally, explaining the failure of their band edge absorption to converge to the bulk band gap at Γ. We show that this behavior is only exhibited by Sb-centered structures, highlighting the importance of the stoichiometry of the CQDs for an accurate reproduction of the experimental data, in the case of both optical spectra and population decay curves. The composition is therefore identified as a further tool to modify and fine tune the properties of InSb dots, as it has been shown to be the case for PbS nanostructures 15 Incidentally, we note that the level of accuracy required to simulate the effect of different stoichiometries is not achievable with continuum methods like the popularly adopted k·p -which cannot distinguish between the properties of In-rich/In-centered and Sb-rich/Sb-centered CQDs -but is only available to atomistic methods. In this regard, we establish the symmetry of the valence band maximum (VBM) to be s-like in both In-rich and Sb-rich CQDs within the experimental size range (i.e., transitions between band edge states are optically allowed, according to our theory), in contrast with the predictions of previous k·p calculations, 16 which found a p-type VBM, hence predicted optically forbidden band edge transitions, leading to larger band gaps. Finally, we confirm that the observed exciton decay dynamics is indeed due to Auger processes, opening the door to the exploitation of InSb CQDs in photovoltaics.
Within the semi-empirical pseudopotential approach, the CQD is built with bulk-like structure, starting from its constituent atoms, up to the desired radius. We consider both anion-centered dots (which yield Sb-rich structures for D < 6 nm), and cation-centered dots (resulting in In-rich stoichiometries for D < 6 nm 17 ). This procedure yields sur-face atoms with unsaturated bonds. Atoms with only one (saturated) bond are removed, as they are unstable for dissociation, 18 leaving on the surface only atoms with one or two missing bonds. These surface dangling bonds are passivated by pseudo-hydrogenic, short-range potentials with Gaussian form. The single-particle energies and wave functions are calculated using the plane-wave semiempirical pseudopotential method described in Reference, 14 including spin-orbit coupling, and excitonic effects are accounted for via a configuration interaction scheme. Auger decay times are calculated using Fermi's Golden Rule according to 8 (τ AMT )
( 1) where |i > and | f n > are the initial and final states E i and E f n are their energies, ∆H is the Coulomb interaction andh/Γ (in all our calculations we assume Γ = 10 meV) is the lifetime of the final states.
The Auger biexciton recombination rates τ In Figure 1 , we compare the excitonic gap calculated for In-centered and Sb-centered
CQDs of different sizes with the experimentally measured optical gaps. 2 It is apparent that In-rich stoichiometries yield larger gaps than observed experimentally, for small structures, whereas Sb-rich structures reproduce observation well for the range of sizes considered. Figure 1 also includes the predictions of other theoretical approaches, the continuum-like 8-band k·p method 16 and the atomistic tight-binding approach. 20 While the latter calculations (obtained for anion-centered structures) yield good agreement with experiment, the agreement achieved by the former approach is only good in a very limited size range. Most importantly, however, both theoretical curves (and our In-centered one) cross the experimental curve, i.e. predict an increasingly lower gap than is observed for sizes larger than about D=5 nm, a characteristic not exhibited by our Sb-centered results.
As the room temperature InSb bulk band gap at Γ is 0.180 eV, 1 it would be reasonable to expect the excitonic gap of the CQDs to converge to this value with increasing size, as the predictions of k·p theory appear to do. However, the experimental gaps seem instead to converge to a larger value, closer to the bulk band gap at L. 2 The question therefore arises of whether an indirect Γ-to-L transition is responsible for such a behavior in this size range, as already found in the case of GaAs CQDs. 3 If that were the case, since bulk InSb has a direct band gap, the conduction band of the observed dots should have a prevalent L character and should undergo an L-to-Γ transition at some large size above the experimentally explored range. In order to shed light on this interesting issue, we performed a k-space decomposition of the conduction band (CB) wave functions, following a similar procedure as in Ref.
, 3 with the difference that here we use the high symmetry points Γ, L and X as seeds for a Voronoi partition of the Brillouin zone, 21 rather than using spheres centered in those points. Each of the high-symmetry points is therefore associated with a
Voronoi cell in reciprocal space that has the property that each wave vector k in that cell is closer to the specific high-symmetry point than to any other.
The latter choice is preferable, as the Voronoi cells, unlike spheres, have the same symmetry as the nanostructure's first Brillouin zone, and can therefore completely fill it without overlapping.
As shown in Figure 2 Interestingly we find that this trend is accompanied by a crossover between Sb-rich and In-rich structures for Sb-centered dots. In fact, for sizes smaller than D = 6 nm, Sb-centered nanostructures are also Sb-rich, whereas for D = 6 nm, the stoichiometry is slightly reversed with a less than 1% excess of In atoms.
The difference between In-centered and Sb-centered structures is apparent from ure 3, where we compare the calculated real-space and k-space representations (i.e., the charge density and the k-vector decomposition) of the CBM wave functions of the smallest and largest dot considered in our study: although the k-vector composition in Incentered and Sb-centered structures is similar for both sizes, the charge distribution is clearly different, as a result of the different stoichiometries. This is especially evident for D = 2.1 nm, where the relative difference in the number of atoms of the two species -79 vs 68 -is significant. As a consequence of the mixed character of the CBM, the dot optical gap is not expected to converge to the bulk band gap at Γ for sizes within the experimental window, consistently with observation. For larger sizes the L component is expected to vanish and the gap to converge to 0.18 eV. Again it is worth stressing that the popular 8-band k·p method cannot predict this behavior, (unless new ad-hoc parameters are added by hand to simulate this effect a posteriori), and that its predicted energy gaps underestimate the experimental ones, for large R, despite the fact that (i) this approach is known to overestimate confinement (hence the band gap) due to the assumption of an infinite confining potential, 16 and (ii) its predicted p character for the VBM 16 would imply absorption to occur between VBM-2 and CBM, again leading to an overestimate of the band gap. According to our results, the VBM has instead prevalent s-like symmetry in both In-rich and Sb-rich CQDs within the experimental size range, and therefore transitions between We now turn to the important issue of determining the origin of the observed peculiar lifetimes of non-radiative carrier dynamics. Non-radiative biexciton decay is generally attributed in CQDs to efficient Auger recombination (AR), in which the energy of an electron-hole pair is non-radiatively transferred, upon recombination, to one of the remaining charge carriers, resulting in the transition from a ground state biexciton to a hot exciton. 6 This is the inverse of carrier multiplication, a process whose importance in photovoltaics has been repeatedly emphasized, 9, 22 where two electron-hole pairs are generated upon the absorption of a single, high-energy photon. 23 Observed AR times in CdSe CQDs ranged from 45 ps to 147 ps for dots with radii between 2.3 nm and 2.8 nm 6 (i.e., V=5.1÷9. If these exceptionally fast biexciton decay times were indeed due to AR, then they could hint to very efficient carrier multiplication in these systems, as the two processes share the same matrix elements. This, coupled with a small electron effective mass, a low band gap and the highest mobilities among semiconductor materials, would make InSb CQDs ideal building blocks for next-generation solar cells.
Aiming to shed light on this issue, we therefore calculated AR times for oleic-acidcapped InSb dots in tetrachloroethylene 4, 25 with three different radii in the experimental range. Our results for R = 2.1 nm are shown in Fig. S1 (Supporting Information), where τ XX is plotted as a function of ∆E g , the variation of the energy gap around the value calculated for this size (∆E g = 0), for a range of energies corresponding to a 5% size distribution. As in previous studies, 8 the AR times display some oscillations with ∆E g , as the energies of initial and final states move in and out of resonance (see (1)). In order to capture this feature, in comparing our results with experimental data in Figure 4 we assign to each dot size the AR time calculated at ∆E g = 0, with (generally asymmetric) error bars equal to the largest variations of τ XX in an energy interval corresponding to a ∼ 5% size distribution (see the thin black arrows in Fig. S1 ). The results presented in Figure 4 con-firm that the biexciton decay times measured experimentally are indeed due to efficient AR, opening the door for the exploitation of these nanostructures in photovoltaics.
Interestingly we find that AR times calculated for InAs and InSb dots of similar sizes (R = 2.0 nm vs R = 2.1 nm, respectively) in similar conditions (i.e., with the same capping agents and in the same solution 25 ), have similar magnitudes (i.e., they are the same within the estimated error bars -compare red and green curves and red and green symbols in Fig. S1 ). The difference observed experimentally 4,9 may therefore be attributable to surface and environmental effects.
Comparison between wurtzite CdSe dots with R = 1.92 nm and InSb dots with R =
1.78 nm, shows that the faster biexciton decay observed in the latter system may be attributed to a combination of different factors: (i) the material's crystal structure and (ii) (2)); the calculated AR matrix elements for the electron excitation process are instead only a factor of ∼ 6 larger in InSb.
We suggest the larger AR coupling to be a consequence of the smaller band gap of InSb, leading to a larger overlap in this material, compared to CdSe, between the (final) excited states involved in AR (which are located ∼ E g away from the band edges and have therefore a higher kinetic energy and, likely, a higher charge density close to the dot surface in CdSe than in InSb) and the (initial) band edge states (which are more localized within the core). These arguments are supported by the fact that InAs CQDs, which have bandgaps similar to InSb dots of the same size, and share the same crystal structure, also exhibit similar calculated AR times.
Fast, but not unusual, electron intra-band decay times were also reported recently in InSb CQDs 4 and attributed to Auger cooling (AC), a non-radiative decay process in which the excess energy of a hot electron is transferred, upon its decay to the conduction band edge, to the hole, which is excited deep in the valence band. 6 Our calculated AC times are in agreement with experiment, as shown in Figure 5 (where the error bars have been obtained following a similar procedure as in Figure 4 ), confirming that both non-radiative decay processes observed in this material are Auger-like.
In summary, the application of the atomistic semiempirical pseudopotential method to InSb CQDs has evidenced: (i) the s-like symmetry of their VBM in both In-rich and Sb-rich structures, in contrast with the predictions of less sophisticated approaches; (ii) a non-monotonic behavior of the L-component (i.e., the contribution from k-vectors close to the L point in the Brillouin zone) of the CBM wave function with size, in Sb-centered structures (not exhibited by In-centered CQDs), leading to (iii) an apparent failure of the band edge absorption to converge to the bulk band gap, even for considerably large dot sizes, consistent with observation, as the transition to a completely Γ-like CBM, and therefore a bulk-like band edge absorption, is expected to occur at a size close to the exciton Bohr radius; (iv) the importance of the structure's stoichiometry as a crucial input in the calculations, as only considering the observed composition will lead to an accurate reproduction of the experimental data for both radiative and non-radiative decay processes;
(v) the unsuitability of continuum-like approaches to model InSb CQDs, as they lack the necessary atomistic detail to capture (a) the crucial difference between Sb-rich and In-rich structures of the same size, and (b) the details of the band structure away from Γ; (vi) the Auger-like nature of the extremely fast biexciton decay, that suggests the possibility of intriguingly high carrier multiplication yields in this system.
